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The validity of using the phytohaemagglutinin (PHA) test to measure acquired immu-
nity, one of the most widely used methods, is currently being debated due to new
knowledge on the complex physiology of the process. As a greater secondary response to
repeated challenges linked to increases of circulating lymphocyte levels would be indica-
tive of a T-cell-mediated immune response, we performed for the ﬁrst time an experi-
ment under natural conditions with repeated PHA challenges in free-living adult birds
and chicks to shed light on this topic. We found signiﬁcantly stronger secondary response
to PHA injection independent of sex or age, while controlling for body condition, the
second response being on average 90% larger than the ﬁrst. Likewise, lymphocyte counts
were signiﬁcantly higher in the second PHA challenge, whereas no signiﬁcant differences
were found among untreated birds. Signiﬁcant positive correlations between the PHA
response and both lymphocyte counts and plasma protein levels (mainly albumin, globu-
lin precursor) were recovered, whereas no signiﬁcant differences were recovered in
plasma protein levels between challenges. Our results are consistent with those from
captive birds, supporting the validity of the PHA skin-swelling test as an accurate gauge
of acquired T-cell-mediated immunity in birds.
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The phytohaemagglutinin (PHA) skin-swelling test
is one of the most widely used techniques to mea-
sure the immune response in birds, to the point of
being considered a classic immunological tech-
nique (Martin et al. 2006). PHA subcutaneous
injection induces a series of physiological responses
that cause local inﬂammation at the injection site
(Chandra & Newberne 1977). This is because
PHA is a potent stimulant that activates immune
cells inﬁltrating tissue from peripheral blood,
thereby causing local temporary inﬂammation
(Goto et al. 1978, Roitt et al. 1996). The local
swelling measured 6–24 h after injection is used as
an index of acquired cellular immune responsive-
ness (Goto et al. 1978). This technique, besides its
simplicity and applicability to ﬁeld studies (Smits
et al. 1999, Martin et al. 2004, Ardia 2005), pro-
vides useful information about the immune status
of an individual without adding additional physio-
logical stress other than that derived from capture
(Merino et al. 1999).
However, the validity of the PHA test to mea-
sure acquired T-cell-mediated immunity continues
to be debated. Thymectomized birds fail to pro-
duce T-lymphocytes and, consistent with this,
Goto et al. (1978) found a reduction of the
response to PHA in these individuals. In several
bird species, increases in lymphocyte numbers in
tissues surrounding the injection site have been
*Corresponding author.
Email: fquesada@unex.es
© 2015 British Ornithologists’ Union
Ibis (2015), 157, 767–773
conﬁrmed (Stadecker et al. 1977, McKorkle et al.
1980) and in vitro experiments have demonstrated
a response from T-lymphocytes to PHA stimula-
tion, but not from B-lymphocytes (Elgert 1996).
These results have led many authors to make use
of the swelling response to PHA as an indicator of
T-cell response.
Detractors of the use of PHA as an indicator of
T-cell response argue that because concentrations
of different cell types can be located at the swel-
ling site, belonging to both the innate (e.g. hetero-
phils, monocytes, eosinophils, basophils) and
acquired components (e.g. lymphocytes) of the
immune system (Martin et al. 2006), researchers
should be cautious in their interpretation of the
results obtained using this technique (Kennedy &
Nager 2006, Martin et al. 2006), as the swelling
may be caused by a large number of different
responding cells (Vinkler et al. 2014). In this
sense, although in vitro experiments have shown
the proliferative capacity of T-cells in response to
PHA, skin-based T-cells seem to be devoid of this
capacity (Hassan-Zahraee et al. 1998). Neverthe-
less, despite this apparent lack of reactivity, these
cells respond to stimulation by a very rapid synthe-
sis of interferon gamma (IFN-c), which may play a
pivotal role in the skin immune system (Hassan-
Zahraee et al. 1998). IFN-c is one of the most
important cytokines and orchestrates leucocyte
attraction and directs growth, maturation and dif-
ferentiation of many cell types (see review in
Schroder et al. 2004).
If one antigen activates the acquired immune
system by stimulating T-cells, a greater acquired
response to the same antigen would be expected
(Kennedy & Nager 2006). To date, only one study
(Tella et al. 2008) has focused on testing this
assumption by performing an elaborated experi-
ment with captive birds. That study presented
results that justiﬁed the use of the secondary PHA
response to evaluate acquired immunity, but also
encouraged the study of birds under wild condi-
tions, as, for instance, feeding conditions may
inﬂuence the response to PHA (Tella et al. 2008).
Hence, protein-supplemented diets in captivity
may lead to greater tissue swelling (Alonso-Alvarez
& Tella 2001), as albumin, which is diverted
towards production of globulins involved in the
innate response, can only be obtained through
dietary sources of protein (Kaneko 1997). This
effect, which may often disappear in captive
conditions with controlled diets, should be more
considered in depth using wild systems (Alonso-
Alvarez & Tella 2001, Tella et al. 2008).
We present for the ﬁrst time a study aimed at
justifying the use of repeated PHA testing to mea-
sure T-cell acquired immunity by evaluating the
magnitude of the response to PHA in two succes-
sive exposures under wild conditions. We also
quantify the white blood cell types involved both
in the ﬁrst and in the second PHA responses, look
for possible increases in lymphocytes after the sec-
ond exposure, and analyse plasma protein levels in
both situations. The Blue-footed Booby Sula
nebouxii was used as a model for this study due to
the ease of recapturing individuals (including
adults) throughout the breeding season.
METHODS
During the early breeding season of 2012 (27–31
January) we selected 12 Blue-footed Booby nests
in the breeding colony of El Rancho Island
(25°100N, 108°230W) in the Gulf of California,
Mexico. Only nests with two chicks and of similar
age were selected, as females lay one to three eggs,
the modal clutch being two eggs (Drummond
et al. 1986). Both adults (24 individuals) and
chicks (24 individuals) were marked with colour
rings with unique alphanumeric combinations.
To control for possible parental inﬂuence, nestlings
were swapped between nests (full-sib cross-
fostering) at an age of 10–14 days: an age at
which parents have not yet imprinted on them,
thus avoiding infanticide (Castillo-Guerrero et al.
2014).
When the older chick from each nest was
4 weeks old and the other chick around 3 days
younger, all birds (adults and chicks) were injected
in the left wing with 0.1 mL of 1 mg/mL PHA
(Sigma L-8754, St. Louis, MO, USA) in phos-
phate-buffered saline (PBS) solution, following the
protocol of Smits et al. (1999). We made three
replicate measures (to the nearest 0.01 mm) with
a digital micrometer (Mitutoyo Absolute cod. 543-
162 270BS, Kanagawa, Japan) of the patagium
thickness before challenge, and marked the injec-
tion site with a permanent marker. Twenty-four
hours (17 min) after injection, the thickness was
once more measured in triplicate, and the immune
response was calculated as the difference between
the means of pre- and post-injection thickness.
Birds were also weighed (to the nearest gram) and
measured (ulna length to the nearest millimetre;
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bill and tarsus length to the nearest 0.1 mm), as
body mass and condition may affect the PHA
response (Alonso-Alvarez & Tella 2001, Tella et al.
2002). We recorded the sex of each individual to
control for possible sexual differences in the
immune response (Moreno et al. 2001, Fargallo
et al. 2002). Adult males and females are clearly
distinguishable, and chicks can be sexed just before
ﬂedging by biometrical measurements, females
being larger than males (Nelson 1978).
Just after measuring the immune response to
PHA, a drop of blood was taken from the brachial
vein of the right wing, and a smear was performed
for leucocyte counts. The smears were air-dried
and ﬁxed with absolute ethanol for further labora-
tory scanning at 10009 magniﬁcation after staining
with Wright-Giemsa. To obtain the differential
leucocyte count, we counted at least 100 white
blood cells differentiating between lymphocytes,
heterophils, monocytes, eosinophils and basophils
(Dein 1986, Hawkey & Dennett 1989). As the
PHA swelling response is considered a useful test
to assess T-lymphocyte increases, we expected a
positive correlation between the swelling response
and the amount of lymphocytes in the peripheral
blood, and a rise in these cells from a second expo-
sure to PHA, due to the characteristics of the
secondary response (see above).
Because of the importance of proteins in
mounting an immune response (e.g. Alonso-
Alvarez & Tella 2001), a 0.5-mL blood sample
was also collected from the right wing of each
adult bird at the time of the PHA-induced swel-
ling measurement. Blood samples were centrifuged
at 2800 g for 10 min and plasma was stored at
80 °C until laboratory quantiﬁcation of plasma
protein levels using a standard diagnostic kit
(Menarini Diagnostics, Menagent, Barcelona,
Spain) in a microplate spectrophotometer (BioTek
Powerwave, Winooski, UT, USA), with 400-lL
ﬂat-bottom microplates (Greiner Bio-One, Berlin,
Germany) by endpoint assay (e.g. Albano et al.
2011). Besides quantifying total plasma protein
(TPP), we also quantiﬁed albumin levels, as albu-
min is the larger fraction of plasma proteins and is
transformed into globulins when mounting an
immune response (Kaneko 1997).
To achieve our aim of studying the secondary
response, the same protocol was repeated using
the other wing 8 weeks later (just before chicks
ﬂedge). All birds, adults and chicks, were bled to
enable quantiﬁcation of plasma protein levels. To
control for possible changes in leucocytes due to
chick growth or stress changes, the same protocol
used to obtain the differential leucocyte counts
was performed in untreated birds (13 nests: 26
chicks and 26 adults) during both phases of the
experiment, thus providing a control measure of
circulating levels of lymphocytes in the Blue-
footed Booby colony during the breeding season.
Statistical analysis
We used a generalized linear mixed model
(GLMM) to test for differences between the ﬁrst
and the second PHA-test responses, thus being
able to control for body condition (continuous
variable), sex and age (ﬁxed factors with two
levels: male–female and adult–chick, respectively)
using individual identity (nested on age and sex) as
random factor. The ﬁnal model was selected based
on the highest adjusted R2 value. We performed a
principal component analysis (PCA) with the lin-
eal biometric measures, and the ﬁrst factor (PC1)
was used as an index of body size. Then, residuals
of the regression of body mass on body size were
used as an index of body condition. In this way
the body condition index was calculated separately
for young chicks, adult males, adult females and
also for the two sexes of older chicks (just before
chicks ﬂedge), due to the strong sexual dimor-
phism of the species (Nelson 1978). Matched-pairs
tests were used to study individual changes in lym-
phocyte counts and plasma protein levels between
challenges, and regression models were used to
assess possible effects of different lymphocyte and
protein levels on the immune response. Data were
log-transformed when necessary and analysed using
SPSS 15.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
Three birds were not recaptured within our speci-
ﬁed resampling interval (they could not be recap-
tured until at least 48 h after PHA injection, while
the rest were captured within 24 h  17 min after
the PHA injection) and were excluded from the
model. TPP and albumin levels could not be cor-
rectly measured for the ﬁrst and/or the second
challenge in four adults (from four different nests),
and could not be measured in three chicks. All the
selected variables were included in the ﬁnal model,
which explained more than 60% of the observed
variance. We recovered signiﬁcantly stronger
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secondary response to PHA injection
(F1,43 = 58.26, P < 0.0001), with no effect of indi-
vidual identity (F1,43 = 1.07, P = 0.06), sex
(F1,43 = 0.07, P = 0.79) or age (F1,43 = 0.60,
P = 0.44; sex * age F1,43 = 0.08, P = 0.78), while
controlling for body condition (F1,43 = 0.34,
P = 0.056): the second response being on average
90% larger than the ﬁrst phase (Fig. 1). Likewise,
relative lymphocyte counts were signiﬁcantly
higher in the second PHA challenge (Table 1),
whereas non-signiﬁcant differences were found in
untreated birds (chicks: 57.00  1.29% vs.
60.43  1.18%, t25 = 1.95, P = 0.06; adults:
40.92  2.16% vs. 44.69  2.56%, t25 = 1.54,
P = 0.14) and for other leucocyte types (P > 0.05
for all types). Signiﬁcant positive correlations
between the PHA response and both lymphocyte
counts and plasma protein levels were recovered
(Table 2), whereas non-signiﬁcant differences were
recovered for plasma protein levels between chal-
lenges (Table 1).
DISCUSSION
Given the difference in magnitude between the
second and the ﬁrst immune challenge, our results
support the use of a secondary PHA response skin-
swelling test as a means accurately to reﬂect
acquired T-cell-mediated immunity in wild birds.
We have shown in free-living individuals that a
second exposure to PHA leads to a greater
immune response measured as the relative differ-
ence in skin thickness at the point of PHA injec-
tion. Greater concentrations of lymphocytes were
found in the peripheral blood, whereas no differ-
ences between treated and control birds were
detected in the studied components of the innate
response. These two essential features (a greater
acquired response to the same antigen and an
increase in lymphocytes) refer to the effects of a
secondary T-cell-mediated immune response
against any antigen, and its corroboration provides
a means to link the skin-swelling resulting from
PHA injection with an acquired immune response
(Kennedy & Nager 2006). A positive correlation
between the immune response and lymphocyte
counts was found, although similar studies in wild
conditions using techniques more elaborate than
those we performed, by counting blood smears
that enable differentiation among lymphocyte
types (e.g. ﬂow cytometry), would be needed to
support this ﬁnding. To our knowledge, our study
is the ﬁrst that has evaluated these features in
Table 1. Mean (1 se) values of lymphocytes (%), total plasma proteins (TPP; g/dL) and albumin (ALB; g/dL) in Blue-footed Boo-
bies, measured after the ﬁrst (PHA ch-1) and the second (PHA ch-2) challenge with PHA.
PHA ch-1 PHA ch-2 n t P
Adults
Lymphocytes 38.56  2.16 48.56  2.62 24 3.00 0.008
TPP 3.48  0.08 3.32  0.08 20 1.2 0.25
ALB 1.35  0.03 1.40  0.03 20 1.61 0.13
Chicks
Lymphocytes 60.12  1.20 73.95  2.35 24 3.08 0.007
TPP – 2.76  0.07 21 – –
ALB – 1.36  0.03 21 – –
Note that chicks were not bled for protein analyses when they were nestlings (4 weeks old). Statistically signiﬁcant P values are
highlighted in bold.
Figure 1. Average (1 se) swelling in response to PHA injec-
tion in male (squares) and female (circles) Blue-footed
Boobies after two consecutive PHA challenges. Data for adults
(full symbols; 10 males and 11 females) and chicks (open
symbols; 14 males and 10 females) are depicted separately.
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birds under wild conditions and our results corrob-
orate those obtained from birds studied in captiv-
ity (Tella et al. 2008).
As expected, protein levels played an important
role when mounting the immune response. Over-
all, higher concentrations of both TPP and albu-
min were associated with a more pronounced
response, and no statistically signiﬁcant differences
in plasma protein levels were found between con-
secutive challenges. This ﬁnding is in accordance
with several previous studies showing stronger
immune responses linked to higher levels of pro-
teins supplied in the diet of birds (Tsiagbe et al.
1987, Lochmiller et al. 1993, Saino et al. 1997,
Birkhead et al. 1999, Gonzalez et al. 1999). This
result is possibly a consequence of globulins being
involved in the acute phase of the immune
response, which in turn are derived from the trans-
formation of the albumin obtained through food
(Kaneko 1997). Furthermore, in a typical immune
response it would be expected that higher levels of
plasma protein levels could be related to a greater
swelling response, as one of the most important
implications of plasma proteins in the immune sys-
tem is related to the complement system (innate
immunity), which facilitates the ability of antibod-
ies and phagocytic cells to combat pathogens. A
positive correlation between phagocytic activity
and swelling response to PHA has been docu-
mented in passerines (e.g. Salaberria et al. 2013).
In our study, no differences in proteins between
the two different challenges were noticed, but the
PHA response was signiﬁcantly correlated with
plasma protein levels, highlighting the innate com-
ponents of the immune response. If the magnitude
and quality of the acquired immune response is in
part dependent on signals derived from the innate
response (Medzhitov & Janeway 1997), it would
be expected that individuals with greater plasma
proteins levels (as a surrogate of innate immune
system) would develop a greater swelling response,
which also supports our ﬁndings.
A recent study has associated the swelling reac-
tion to PHA with basophils based on leucocyte
counts in histological analysis of biopsy samples
from tissues measured for swelling 6 h after a
single PHA injection, whereas no association was
found with lymphocytes (Vinkler et al. 2012).
Nonetheless, higher basophil than lymphocyte
concentrations in the injected tissue do not directly
exclude the possibility that lymphocytes are being
triggered by the PHA, as it is known that different
concentrations of leucocytes are present in the
injection site over time in response to a PHA
challenge, involving both innate and acquired com-
ponents of the immune system (Martin et al.
2006, Palacios et al. 2009, Vinkler et al. 2010).
Furthermore, the activation of certain T-cell types
also stimulates the basophil and macrophage activ-
ity around the injection site, responding to their
cytokine signalling by massive inﬁltration during
the early phase (6–12 h) of the swelling response
(Elgert 1996, Vinkler et al. 2012). In addition, the
commonly used mixture of PHA (PHA-P) com-
prises a lymphocyte-stimulating isolectin and an
erythroagglutinating isolectin (PHA-L and PHA-E,
respectively), the latter being responsible for a
stronger swelling in an experiment performed with
a passerine species (Vinkler et al. 2010). Neverthe-
less, the same study showed that the swellings
induced separately by both isolectins were posi-
tively correlated and that no signiﬁcant differences
were found when comparing the swelling induced
by the PHA-L isolectin and that induced by the
commonly used PHA-P mixture (Vinkler et al.
2010).
Hence, in light of our results, the study of the
secondary PHA response in the skin swelling test
to measure the acquired T-cell-mediated immunity
in birds under wild conditions seems to be well
justiﬁed. In within-species studies comparing the
swelling produced in response to the PHA we
should bear in mind the complexity of the
immune response when interpreting the results, as
components of the innate and acquired immunity
may be involved.
We are very grateful to Miriam Lerma for her useful
ﬁeld assistance and to Sarah Burthe, Rauri Bowie and
three anonymous reviewers for their helpful comments
Table 2. Regression results of the different analysed variables
on the immune response, measured as the swelling of patag-
ium thickness of Blue-footed Boobies after being challenged
with PHA.
R F B P
Lymphocyte counts 0.44 14.83 0.47 < 0.001
Total plasma proteins 0.32 5.86 0.27 0.02
Albumin 0.28 4.20 0.71 0.04
TPP vs. albumin 0.29 4.41 0.87 0.04
Results of the direct correlation between total plasma protein
(TPP) and albumin levels are also presented.
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